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Abstract

Topographic Rossby Waves (TRWs) have been identified with the largest variability in deep
current meter records along the continental slope in the Mid-Atlantic Bight (MAB). Ray tracing
theory is applied to TRWs using the real bottom topography of the MAB and the observed
stratification. The dispersion relation for TRWs is derived and various wavenumber limits are
discussed. A computational method for tracing the waves is presented, including the necessity of
smoothing the bathymetry. In the examples shown, TRWs with periods of 24-48 days generally
propagate southwestward, changing their wavelengths from 400 to 100 kilometers in response
to the change in bottom slope. TRW paths are shown that connect from the SYNOP Central

Array near 68°W to the SYNOP Inlet Array near Cape Hatteras.
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1 Introduction

This report describes the method of ray tracing to find the path that Topographic Rossby Waves
follow for realistic bottom topography and stratification. The report gives some background on
Topographic Rossby Waves (TRWs) and explains their kinematics and dynamics. It then documents

a set of programs that allow for the development of TRW ray paths.

2 Historical Significance of TRWs in the Mid-Atlantic Bight

TRWs are transverse, quasi-geostrophic waves found in regions of sloping topography. They
are very similar to ordinary Rossby Waves in that the sloping topography has a dynamically
equivalent effect to the variation in Coriolis parameter. TRWSs thus propagate “westward” along
the continental slope, traveling with the shallow water on their right. TRWs have been detected
by moored arrays of current meters at numerous locations in the Mid-Alantic Bight. Their strong
horizontal current variance overwhelms the signal of the Deep Western Boundary Current and
that of deep expressions of Gulf Stream meanders. By measuring the horizontal current variance
information about the TRWs is obtained.

The source of the TRWs in the Mid-Atlantic Bight has not been clearly identified yet. One
possibility that has been suggested is that the TRWs are created by large Gulf Stream meanders
and ring formation [Hogg, 1981]. Although there appears to be no direct coupling between TRWs
and the above Gulf Stream near Cape Hatteras [Johns and Watts, 1985), a connection between the
presence of TRWs and the existence of troughs and ring formation downstream has been reported
by Schultz [1987]. Thus it appears that the TRWs may be remotely forced by these meanders and

rings that occur farther to the northeast. This remains a question for later investigation.




3 Dynamics and Kinematics of TRW «

To derive the dispersion relation for TRWs one solves the equations of motion for a single governing
equation in terms of the pressure p. The equations of motion consist of the linearized horizontal

momentum equations,
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These are then expressed quasi-geostrophically. Because TRWs are bottom trapped it is possible
to follow Hogg [1981] and assume that N = Np(z,y) the Brunt-Vaisild frequency near the ocean

bottom. The governing equation becomes,

0 |2y, fo* 3P|, 00 _
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Detailed derivations of these equations are given in Appendix A. The relevant boundary con-
ditions are no normal flow through either the top or the (sloped) bottom: w = 0 at z = 0 and
w =u--Vh at z = —h(z, y). These conditions result in
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Plane wave solutions of (6) are sought of the form

p = A(z)exp[i(kz + ly — wt)) (9)

Substituting (9) into (6) and using the two boundary conditions (7) and (8) it is possible to get

the dispersion relation. Specifically, substituting (9) into (6) gives

87—.4 fo (k +l+w) =0 (10)
which can be expressed as
4
357 -A°A=0 (11)
where
A2 = (Af'B) (K2 + 02+ A k) (12)

Here ) is the bottom-trapping coefficient, not the wavelength. The solution to (11), using boundary
condition (7), is

A(z) = cosh (A2) (13)

Substituting (9) into the bottom boundary condition (8) and using (13),

Atanh(Ah) = ——(h k — hal) (14)

Equations (12) and (14) constitute the dispersion relation for TRWs. It is convenient to non-

dimensionalize these expressions using the following scales
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where the asterisks denote non-dimensional variables. The factor E?oﬂ = R4 is the internal Rossby

radius of deformation. The non-dimensional form of the dispersion relation is

,\2=k2+12+£ (15)
Atanh (\h) = b—%@ (16)

where the asterisks have been dropped. Appendix A shows this derivation in detail.

Note the following properties of TRWs:

¢ The amplitude, and thus the energy, decays as cosh(Az) with height above the bottom; i.e.,
the wave is bottom trapped.

o TRW velocities are in approximate geostrophic balance.

e TRWs are transverse waves, since k- ug = kug + lvg = V. ug = 0.

¢ The observed periods of TRWs in the Mid-Atlantic Bight range from 8 to 60 days [e.g. Hogg
1981; Schultz, 1987] for wavelengths of 40 to 300 km.

The (w, k, 1) dispersion relationship is commonly represented either as two-dimengiona.l plots of
w(k) or as “slowness” curves, which are traces of k,[ at a set of constant frequencies in wavenumber
space. There are three limits of (12) and (14) that will be examined:

1) Ah — oo and correspondingly tanh(Ah) =~ 1, which is the strongly bottom-trapped case.

2) Ah — 0 and tanh(Ah) >~ Ah, which is the uniform “barotropic” case.

3) B = 0, which is the f-plane assumption.

———— —d




In order to look at these limits it is necessary to choose a location at which to find the parameters
that will be used in the dispersion relation. Pickart and Watts [1990] detected TRWSs in the SYNOP
Inlet Array, so this is the area that will be focused on when discussing the limits. Figure 1 shows
the location of the SYNOP Inlet Array and sites B1-B5 which will be used at various parts of the
report.

In the first limit, (14) becomes

-_— NBz
A= Z2(hyk ~ hel) (17)

which, when combined with (12), gives a result of the form
Ak* + Bkl + CI? + Dk =0 (18)

where

A=uw? - Ngih?

B = 2Ng*hh,
C = —-Np*h;?
D = pw

This is an equation for either a rotated hyperbola or a rotated ellipsoid, depending on whether
A and C are either the same or opposite signs. For the site used here they are both negative.
Figure 2 shows the solution to (18) for a wave with a period of 40 days and Np = .001s~!, The
bottom slope was specified as h, = —0.018718 and h, = 0.0079937, and the downslope gradient is
a.rcta.n(:—:f) = —23.125deg. These parameters were chosen because they correspond to site B3 of
the SYNOP Inlet Array (Figure 1) where TRWs were observed by Pickart and Watts [1990]. This

set (w,Ng,hz,h,) is refered to as the “Test B3" values.
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Figure 1: Location of SYNOP Inlet and Central Array. The circles denote the sites B1-B5. The
coastline is shown by a dark line. The other dark lines are four TRW traces. The trace leaving B2
was run using splines fit to a 330 km filter, the others were run using splines fit to a 110 km filter.
The B2, B3, B4, and B5 runs are 14, 22, 33, and 33 days in length, respectively.
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Figure 2: The bottom-trapped dispersion relation for a TRW shown as a function of (k,!) space.

Units are m~1.

In the second limit, tanh(Ah) — (Ah), (14) becomes

Ng?
Ah = (707) (hyk — hzl)

When this is combined with (12) the result is
(k+ E)Y+(1+ F): = G*

where
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This is the equation of a circle. The solution for this barotropic case at site B3, assuming the Test

B3 values, is shown in Figure 3.




In the third limit, 8 = 0, (12) becomes

which, when combined with (14) does not yield a simple analytic solution. Thus this Limit is
solved using numerical techniques together with the Test B3 values. Figure 4 shows the resulting
dispersion relation.

In reality, TRWs should fall somewhere between the first two limits. Figure 5 shows a numerical
solution for the dispersion curve using the Test B3 values but without specifying any limits. A
comparison of Figures 2 and 5 reveals that the bottom-trapped case, where tanh(Ah) — 1, is an
excellent approximation for the full solution (at least for waves specified by the Test B3 parameters).

Finally, Figure 6 shows the dependence of the full dispersion relation on frequency. Numerical
solutions for four different wave periods are shown, 24, 32, 40, and 48 days. All four of these
wayv'.vectors essentially point either upslope or downslope; the best alignments were found with the
longest period waves. As seen in Figure 6, for wavelengths greater than 75 km (k < .0001), k¥ and

[ vary only slightly for these moderate changes in frequency.

4 Ray Tracing

The following discussion was adapted from LeBlond and Mysak [1978]. There are three steps
involved in ray tracing. First, the equations describing the system are developed. This includes
the expressions for the dispersion relation, the group velocity, the time variation of the frequency,
and the dependence of the frequency on the environmental parameters (such as bottom slope and
water depth). Second, initial values for position, wavelength, and frequency are chosen, and the
corresponding group velocity, c,, is computed. Third, the wave packet is progressed with velocity

c, for a time ¢, and a new wavelength and frequency are found by integrating the equations from
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Figure 3: The uniform, barotropic dispersion relation for a TRW assuming the Test B3 values.
Units are m~!.
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Figure 4: Numerical Solution for the 8 = 0 dispersion relation in which the Test B3 values are

used. Units are m~!,
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Figure 5: Numerical solution to the full dispersion relation. Units are m=1.
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Figure 6: Numerical solutions for periods 24, 32, 40, and 48 days. The crosses denote a period of
24 days, the square is a 32 day period, the triangle denotes the 40 day period, and the diamond is
the 48 day period. Units are in m~!
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step 1 over the time interval ét. The second and third steps are repeated to obtain a path.
To form a mathematical expression for the ray tracing consider a plane wave, with amplitude
A(x,t) and phase S(x,t),
d(x,t) = A(x,t) exp[iS(x,t)] (19)
It is assumed that the amplitude of the wave varies at a much slower rate and over much larger

spatial scales than the phase. The local wavenumber k is defined as

k=VS

and the frequency w as
__98
Y= "5

Cross-differentiation of these two definitions results in the conservation of wave crests equation

%‘+Vu=0 (20)

Here k is the directional density of wave crests and w is the flux of wave crests past a fixed point.
By considering both the dynamics of the wave type and the environmental parameters, it is possible

to relate k and w by using the dispersion relation
w(x,t) = alk(x,t);v(x,t)] (21)

where v represents the environmental parameters. If the dispersion relation (21) is substituted into

the conservation of wave crests (20), the result in tensor notation is

O B0 Ok; B0y _
o ak,- 8z; 07 0z

Since the wavenumber is defined as the gradient of the phase, its curl must vanish; thus g%e.-,-k =0
and so g—:{- = gf; Using this and the definition of the group velocity, ¢,; = gf‘r, the above equation

may be rewritten in vector notation as

dk _ Ok _ 8o
z = 'E*}-c,'Vk— 87V7 (22)
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where f; = g; + ¢4 - V is a derivative moving with the wavepacket. An expression for the variation
of w can be found by differentiating the dispersion relation (21) with respect to time and using the

conservation of wave crests (20) to eliminate k. The result is

do_ 000k B0dy _ 0o du  dody
ot Ok; ot oy ot T Ok dz; oy ot

Rewriting in vector notation similar to (22) gives the variation in w along a ray path

b _du, L a0t
PR Ml ~F (23)

Thus the equations which describe the system are

wix,) = ofk(x,Dv(x,0)] (24)
-G (25)
T - v (26)
Lo g;;% 27)

5 Wave Tracing Programs

This section describes the processing steps for ray tracing. The MATLAB code (or FORTRAN,

in the case of the first program GET_ETOPO_II.FOR) are given in Appendix C.

5.1 Preparing the Topography

One of the most important features of this method is that real bottom topography is used. In
order to remove all small scale topographic fluctuations that would not affect the waves but will
influence the resulting spline fit, the topography must be gridded and smoothed. Figures showing

the progressive results of this process are presented in Appendix B.

12




5.1.1 The Raw Bathymetry

The raw bathymetry can be obtained from the NCAR ETOPOS earth elevation data set which is
a gridded topography array on a i’;" grid. The data set is gridded in equal increments of latitude
and longitude rather than kilometers so the gridding in the z and y directions is slightly different.
Since the area of study will normally encompass only a small fraction of this data, a program called
GET_ETOPO_IL.FOR is used to select just the bathymetry for the area of interest. It is best to
choose the area of interest generously, so that boundary effects of the smoothing filter (discussed
later) will be minimized in the actual study area.

The program GET_ETOPO_IL.FOR is based on a program GET_ETOPO.FOR (written by

John Lillibridge at URI). The program has been modified to remove the z-scaling option and to run
on a micro VAX computer. The program is executed by the command file GET_-ETOPO.COM,

which must be modified to contain the appropriate input and output file names.

5.1.2 Remove unwanted features

After windowing the bathymetry, it is necessary to remove some isolated features. In this for-
mulation only waves in regions where WKBJ approximations are valid (i.e. where the topography
varies on a much longer scale than the wavelength). Thus features that violate this must be re-
moved or the subsequent smoothing process will spread those features to the region of interset.
For example, bathymetric features that are narrow compared to a wavelength would approximately
generate Taylor-columns to the waves; thus it is better to eliminate these narrow features. The
larger features, such as isolated large-diameter seamounts or chains of seamounts, act as scatterers
and must be removed since reflection is not included in the formulation. The problem features are
removed by reducing their vertical extent. For example, a seamount that was on a slope of average

depth —3500 meters and rose to —2800 meters would cause problems so all grid points in the region

13




of the mount that had a value of greater than ~3400 meters would be set equal to —3400 meters,
effectively shortening the seamount.

The MATLAB routine LANDSCAPE.M is used to eliminate unwanted features. A mouse
is required to run the program. The mouse is used to focus in on the feature to be shortened. A
seamount is selected and eliminated by clicking with the mouse, first on the lower left and then on
the upper right corner of the seamount. At the ‘landscape level?’ query give the desired depth of
the seamount (e.g. -3500). The program will continue to loop through these steps as long as the
user types ‘y’ to the ‘continue’ prompt. The bathymetric contours may be selectively labelled. This
is accomplished by clicking with the mouse on the desired contour at the ‘manual’ prompt. After
all features have been editted, answer ‘n’ to the ‘continue’ query. Save the variable ‘mowed BATH’

to a disk file; this is the new bathymetry data set.

5.1.3 Filtering

After removing the unwanted large-scale features, it is necessary to filter out the small-scale
features that in reality do not affect the waves, but in this formulation would cause considerable
noise in the calculation of the environmental parameters 4 and V4. The TRWs of interest have
wavelengths ranging from about 110 km to 330 km. Therefore a cutoff wavenumber of 74— was
chosen for the wavenumber filter. MATLAB computes the filter coefficients from the ratio of the
cutoff wavenumber to the Nyquist wavenumber.

The program for filtering the topography is a MATLAB routine called FILTER2.M. To run
the program, the user supplies the coefficients for the spatial gridding and the ‘mowed .BATH’ data

set. The smoothed bathymetry, Y, should be saved in a disk file for later use.

14




5.1.4 Compute spline representation

The final step in preparing the topography is to fit a series of B-splines to the bottom depths. This

is done so that the gradient of the depth, VA, can be computed for any given location. Because
B-splines are linear processes, the two dimensional grid of bathymetry can be treated one dimension
at a time. The B-splines are first fit to lines of constant latitude. Then another set of B-splines
is fit as a function of latitude (i.e. along lines of constant longitude), creating a two dimensional
B-spline expression for the bathymetry.

The program that fits the B-splines is called COMPUTE_SPLINES3.M. The code is com-
mented heavily. Many of the commands are concerned with reducing “undulations” at the edges
of the domain. These are reduced by augmenting the series to be interpolated. The arguments
of the program are the latitude and longitude of the first point of the filtered bathymetry data
set. It should be noted that the constant ‘dlat’ must be specified prior to executing the program.
This constant specifies the grid spacing of the input array of bathymetry. (For example, for a grid
spacing of half a degree, set dlat = 0.5). The output variables ‘c, cprime, c¢2prime, and xknots’
should be saved in a disk file. (Use an output file name such as SPLINE_110 to indicate what
filter was applied to the input bathymetry data.)

The routine TEST_SPLINES uses the B-splines variables to solve for the depth, bottom slope,
and their gradients at a given location. It is executed in each ray tracing step. In addition to the

B-spline coefficients, the latitude and longitude of the point must be supplied.

5.2 Getting the initial wavenumber

As noted previously in step 2 of the Ray Tracing discussion, it is necessary to obtain initial (k;, ;)
estimates for the wavenumber vector. These values are needed in order to compute the initial group

velocity of the wave packet. The MATLAB routine INI'TVAL.M requires the user to supply the
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position of the starting point of the TRW, 3, fo, Np, H, and Vh, as well as the wavelength and
frequency of the wave. The outputs are k and / as well as the bottom trapping coefficient A and
the propagation angle 4.

Prior to running INITVAL.M, a five element row vector called ‘parms’ must be created. The
five elements of this vector are 8, dt, fo, H, and Ng. The second element, the time step dt, is not
used by this program so it is not crucial to supply its correct value. (However, dt will be used in a
subsequent program.) The third and fourth elements are the Coriolis parameter and the average
water depth from sea surface to sea floor. The final element is Np, the Brunt-Vaisild frequency.

The routine INITVAL.M also requires the depth, A, at the starting point of the TRW as well
as the bottoxh slopes h; and k. To find the value of A, h., and hy at this position the user must
run the MATLAB program TEST-SPLINES.M using the B-spline coefficients obtained from the
COMPUTE_SPLINES3.M program together with latitude and longitude of that point. The
output of the TEST_SPLINES.M program should be placed in variable called ‘gradh’ for use by
the program INITVAL.M to find the wavenumber.

Four additional inputs are required before executing the INITVAL.M program. Set ‘omega’
to be the angular frequency, (%), of the TRW in s~! and set ‘LAM’ to be the wavelength in km.
The longitude and latitude of the starting point are specified as ‘x’ and ‘y.’ Once all of the variables
necessary to run INITVAL.M are specified, the program may be executed. The initial & and /
values, as well as the bottom-trapping coefficient A and the propagation angle § (measured from

east) of the TRW are calculated by the program.

5.3 Tracing

_The MATLAB routine called TRWTRACE.M traces the wave path in the manner discussed in

the section entitled Ray Tracing. The routine contains a self check to see if the error is becoming
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too large. For this test, a new frequency, w;, is computed using the new wavenumbers. This is then
checked against the initial frequency by wcheck = ‘L"JT“’“ Ideally the frequency should not vary
over time. However due to computational error the frequency does change and this test warns if the
error is becoming too large. Tests (discussed later) show that for the 40-day period waves, errors
in wcheck of as much as 25% will not significantly alter the important wave parameters, including
the path, wavenumber, group speed, or the bottom-trapping coefficient.

There are several variables that need to be assigned prior to running TRWTRACE.M. First,
the time step increment dt (the second element in the ‘parms’ array) must be set. This program
allows the wave to be traced forward (positive time increment) or backward (negative time incre-
ment) in time. The time increment is specified in hours. Second, put the longitude and latitude, in
that order, into a 2-element row vector called ‘loc’ where longitude is measured in degrees east (e.g.
73W is -73). Third another row vector called ‘k’ should containg the initial &; and /; values. Finally,
the user must specify the name of the file containing the B-spline variables (e.g. SPLINE_110).

This is an approximate guide to the execution time of the TRWTRACE.M program on a
DEC 3100-76 computer. The major time-consuming step is in the calculation of VA which requires
the computation of new B-spline variables for each new position. The execution time for this step
is lengthed greatly if a dense spline set is used. For example, if the B-splines have been fit to a 15
by 25 grid then to run TRWTRACE.M for 50 time steps, the total run time is approximately 15
minutes. Denser filter grids significantly slow down the program; for example using splines fit to a

85 by 145 grid, a 50 time step run would take 1.5 hours.

5.4 Examples

Choosing the ray tracing parameters, such as filter size and time step, can be difficult. One

recommendation is to conduct test runs, specifying different choices for each parameter and compare
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the results. That way the time efficiency can be weighed against the desired accuracy. The following
examples (Figures 6-10) show the effects of various choices of these parameters on tracing TRW
ray paths, from a detection site in the SYNOP Inlet Array to a potential generation region in the
SYNOP Central Array. (Thus here the time steps will be negative).

For the following cases a consistent set of parameters was used and only one parameter was
varied at a time. Unless stated otherwise, the bathymetry wavenumber filter size was 330 km, the
time step was eight hours, the period was 40 days, the wavelength was 130 km, and the launch
site was B3. TRWs of this wavelength and period have been observed in the Inlet Array (Pickart
and Watts, 1990). Several parameters were also specified; 8 = 1.8 x 107! m~1s"! | f =9 x 10-5
s~1, and H = 4000 m. As mentioned earlier, Ng was set equal to a constant value, an appropriate
value for the Gulf Stream region being Ng = 1 x 1073 s~! (Pickart, personal communication).

Figure 7, shows the effect of varying the time step (dt) on the wavepath. Time steps of one
hour and eight hours were tested. The paths for these two runs are almost indistinguishable; the
only difference being that the total wave distance travelled was about 2% shorter for the dt = —1
hr case due to a slower group speed. Figure 8 compares how several of the parameters varied over
time for these two runs. The plots of the total wavenumber (K), the average bottom slope (gradh),
and the bottom trapping coefficient () show little difference between the two runs. However, there
is a very large difference in ‘wcheck’, a measure of the percent variation of the actual frequency
in the run compared to the correct frequency. A value of zero for wcheck indicates no error in
computed frequency. In Figure 8 it is obvious that the frequency errors are high when dt = -8
hours; however this appears to have no effect on the predicted wave path (Figure 6). On the other
hand differences in the actual frequency result in differences in the group speed C, for the two test
cases. Figure 8 shows that when dt = —1 hr the TRW travels about 2 — 3% slower than when

dt = —8 hrs.
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Figure 7: B3 launch with dt=-—1 hrs and dt=-8 hrs for 410 time steps and 32 time steps, respec-
tively. Approximate run times 1.5 hours and 15 minutes, respectively. The cross denotes the eight
hour time step and the square is the one hour time step run. The dashed lines are the 330 km

filtered bathymetry.
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The effects of varying the degree of smoothing of the bathymetry were also tested. For example,
for the area between the SYNOP Inlet and Central Arrays, the 110 km filter gives a more realistic
bottom topography than the 330 km filter (see Appendix B). However, in order to fit B-splines to
the 110 km filtered bathymetry without aliasing, the filtered data can only be subsampled every
% degree. This leads to a very dense spline set and considerably slows down the tracing program.
Using a 330 km filter for the bathymetry permits subsampling at every % degree without aliasing,
and in turn leads to a sparser spline set and a shorter run time. Figure 9 shows the predicted wave
paths from site B3 for three different filter sizes, 110, 220, and 330 km. Despite the differences in
in the smoothed bathymetries the end positions of the predicted wave paths are quite close.

The influence of the choice of launch position and wave period was alsc tested. Figure 10 shows
launches from sites B2, B3, and B4 of the Inlet Array, which are about 50 km from each other. All
other parameters have been held constant. The three paths appear to parallel one another. The
biggest difference between them is the total distance traveled, impling that the group speeds are
different. The slowest speeds were obtained for the wave traced from site B4, where |Vh| is the
smallest.

The predicted wave path also depends on the wave periodicity. Figure 11 shows the traces of
three waves launched from site B3 with periods of 32, 40, and 48 days. In this case the waves travel
approximately the same distance (There is " ..tle variation in longitude of the end points). On the
other hand there is a difference about 2° latitude between the trace endpoints for waves with the
32 day periodicity and the 48 day period waves.

These results can be summarized as follows. Firstly, an accuracy of 10 kilometers in the ‘launch’
site of the wave gives consistent path predictions. Additionally, a 10% error in wave period will
also give consistent path predictions. Second, more accurate topography is obtained when a 110

km wavenumber filter is applied. Finally, a time step of dt = —8 hours is adequate for most cases;
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Figure 9: B3 launch with splines on 110, 220, and 330 km filters for 70 time steps of dt=-8 hrs on
the 110 filter and 52 time steps of dt=—8 hrs on the other two filters. Approximate run times 1.5
hrs., 45 min., and 15 min. respectively. The cross denotes the 330 km filter run, the triangle is the
220 km filter run, and the square is the 110 km filter run.
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Figure 10: Launches from sites B2, B3, and B4, each for 52 time steps of dt=~8 hrs. Approximate
run time 15 minutes for all. The plus denotes the B2 launch, the cross is the B3 launch, and the
circle shows the B4 launch.
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Figure 11: B3 launch with different periods, each for 52 time steps of dt=—8 hrs. The plus denotes
the 32 day period, the cross is the 40 day period, and the circle shows the 48 day period.

using dt = ~1 hour is only necessary when extreme accuracy in group speed, c,, is needed.
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8 Appendix A The Dispersion relation derivation

This is the derivation of the dispersion relation (equations (15) and (16)) that was shown in the
Dynamics and Kinematics of TRWs section. Begin by using the same five equations, the two
linearized horizontal motion equations, the incompressibility equation, the hydrostatic equation,

and the linearized density equation, which are repeated here.

%+fu=—%% (29)
g:+g—z-+‘;—’:=o (30)
—%’;—’—p'g=0 (31)
‘;—’;'-”"’:—-—?ﬂﬂ (32)

Now, taking the time derivative of (31) and substituting (32) into it yields

L

3192 +poN'w=0 (33)

Next, take 3% of (29) and subtract % of (28) to give

azv %u v
9zt ~ dyot f(az dy )+ﬂv-

Substituting (30) for the quantity in paranthesis and moving it over to the right hand side gives

d (v Ou
at (81: 8y) +hv = f (34)
which is the linear vorticity equation. Let the quantity in paranthesis be denoted as {. Now, by

using the leading order geostrophic balance it is possible to get relations for vg, 4y, and

1 oy

fopo 8z (35)

Yy

25




1o
Yo Jopo Oy (36)
N W

Here V2 = %-}- 382;; Substituting these into the linear vorticity (34) gives us the Quasi-Geostrophic

Vorticity (QGV) Equation

L8 gy %) - g2
Now take £ of (33) to get
29 ( 1 "’P') w _y
Ot8z \poN2 9z oz

which is substituted into the right hand side of the QGV (38) to give

1

Jopo 3t( 55 (—i—aﬂ)

2.1 - 99
v )+ﬂ ] f°ataz poN? 9z

Multiplying both sides by po and combining the time derivatives gives

3 , . 9 (fo\2Op oy _
A +$‘(ﬁ°) 2ty =

Using Hogg’s {1981] technique approximate the varying N with a constant Brunt-Vaisild frequency,

Np, at the bottom to obtain a workable equation of one variable.

%{V’p' + ( 1{;‘;) az2]+ B ”l (39)

This is the same expression as equation (6). Now for the top boundary condition at z = 0 the rigid

lid approximation is used to force w = 0. So (33) simplifies to

9y
36; =0 (40)

Assuming no normal flow at the bottom, where w = u-~Vh

1 [8pBh 8P Ok

~ Jopro L8y 8z ~ 0z 3y
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Substituting into (33) gives

Fpy _ N’ op' 0h _ 8y’ Ok
819z 8z 8y By oz (41)

where z = —h(z,y). A plane wave solution of the form
9’ = A(z) expli(kz + ly — wt)) (42)
is sought. Substituting (42) into (39) gives

9., fo 8A1

From this point, the prime will be dropped from pressure p, and the subscripts will be dropped

from f and N. Taking the time derivative yields

. 21904,
iwp(k? + 12 - (-}%) 287) + Bikp=10

Divide by both i and p, since they are non-zero, leaving

_f_) 14°4

w(k2+12-(N 1792 —)+Bk=0

Dividing by w and regrouping gives

f\*19%°A Bk
'(F) Aaz+("2+’2 o) =0

Multiplying by —(?)ZA produces

oAl B]-o

If the quantity inside the square brackets is defined as A? the result is

A 2
327 -AA=0 (43)
where
2 ﬁ)’ 1 py Bk
A—(f (k +1+w (44)
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Using (44) and the top boundary condition (40) it is possible to solve for A(z)
A(z) = cosh()Az) (45)

Putting this into (42) and then substituting into the bottom boundary condition (41) the left side
of (41) becomes
d*p

P02 = —Asinh(—-Ah)iwexp[i(kz + ly — wt))

and the right side of (41) becomes

(ahap ahap) N? oh, Ok
v

By 55~ 3z dy) = F cosh(-AR) explikz +ly - wt) (_k - 5;,)

Setting the two sides equal and cancelling the common i and exp[i(kz + ly — wt)]
N2
~Asinh(~Ah)w = 5 cosh(—AR)(hyk — hzl)
where the derivatives of h are denoted as h; and h,. Dividing through by cosh(—Ah) gives
N2
—Atanh(-Ah) = w—f-(hyk - h;l)
Since tanh(—z) = — tanh(z), this can be written as

N2
Atanh(AR) = w—f(h,,k ) (46)

At this point, the equations are easier to work with if they are non-dimensionalized. Specify the

following factors

h = HA
A.
A= F
o = Bw*NH
f

(kD) = 3=(k07)
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(2,8) - L (2 2)
0z’8y) ~ NH \8z*’'dy*

Where the asterisks denote non-dimensional variables. Substituting these into (44) gives the

non-dimensional form

/\u2 3 (ﬁ)? ka2f2 '¢2f2 + ﬂk‘fz
72 = \7) \vez * vm? T N2 mger

This expression can be simplified by multiplying by H?2, moving 1}-’;— inside the parenthesis, and

cancelling the §-terms to obtain

At? = kt? + lt? + k_ (47)

w‘
The non-dimensional form of (46) is

%— tanh(

» oo N f Hf( kf i
gk = f Bo*NHNH (”" 7 A NH)

Cancelling the common factors gives

2 (hyk" = he'l")
BHN w*

A* tanh(Ah*) =

Finally, introducing the radius of deformation, R4 = E;ﬂ yields

S (hy"k* = h1%)
BR4 w*

A*tanh(A*A*) = (48)

Equations (47) and (48) together comprise the non-dimensional dispersion relation for this system.
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9 Appendix B Example Bottom Topography Preparation.

Following are three figures that show the progression of a region of bottom topography as it is
prepared for ray tracing. The area shown is 65-77 W and 34-41 N.

The first is the original bottom topography, as taken from the ETOPOS5 data set. Figure 12 still
has the sea mounts and all of the true topography shown. After the LANDSCAPE.M program
is run the seamounts that were in the upper right corner are no longer there, creating a topography
such as in Figure 13. Afte e filtering has been done the result is Figure 14. Here a 110 km
filter has been used. Figure 15 shows the 220 km filtered topography. Figure 16 shows the 330 km

filtered topography.
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Figure 12: Real bottom topography
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Figure 13: Topography with seamounts removed
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Figure 14: 110 km filtered topography. Note the coastline gets smoothed also and appears as the
0 contour.
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Figure 15: 220 km filtered topography.
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Figure 16: 330 km filtered topography.
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10 Appendix C Program Codes

Most of the following program code is written in MATLAB. A good reference for MATLAB

is Pro-Matlab™ for VAX/VMS Computers, 1991 by MathWorks Inc. The lone exception, the

program GET_ETOPO_ILFOR is written in FORTRAN.




pua

doys
(oz)asoT1o
(01)9m010

oppua
(91)vwrog 101
(1-opamu’ =y ::sﬁao. (tot1’oz)a3tam
oppua
aguovn::

:.:35-8_5.::3“.3
PIAU Y 0BT (¢ INOPIB ) FITIM : O
JTpUD
Padetl
EL )
T 0ZEY —paImu=u -
uayy (ozew "6 pamu) 3y
o : o
(acubep/soniea,G) 1 » SHBUOT (09f UO paseq aTay msnwoao LOTYAUIDID STPUPH O
. . . : o

‘ mﬁ: oour pIn “utuwepamu op
: “[=OpIMAU
i Sunv Tasxiﬁzoﬂfoouo:vuﬁ

...... 20 TXUW/ 08X UYH=D3IU Op L
: “Buyddess ou o
‘38XT3 JOAIICO JUNSEV emuu WYON 03 .Buuq.u: »ﬂcﬂﬁm«uo axam Aay) se NO axe J
(Aydextodoy) saybtay aaTyrsod aTTys /(Spn3ybuot ur) vo&u:u @stmITed Bq O3 D
peou (Anawlineq) sYETY SATIRHSU SYTT SWAIS™ - 'STYF YOO O3 PION .
o
~BuoT xea’ uco.ﬂlc.a 1PN THUOT AP ‘UTH, (&’ INOPIS)AITIM
B xs._ JeT uTw’, :SSPNITITT XPH'UTH , (»3N0P3I8 )23 TIN
ﬂ.ﬂ\navx#_ B 70&3 :ﬁ.fvu: xour’ , (x’3N0PIS )Y TIM
JseurT |, uauﬂ. o (6 INopRs I TaM
. §~u> uot ,* ‘T+pIM :d.rvu: xour (u u:ocuwvwﬁ.g

T+08X UTR-O3 XeW=03.1u
0°21/(0" T-09 xww) -0g=3vT _uru
©TH(GT 042 T (JRTTUTW- 06 ) ) JUT=DAL Xew
0°Z1/(0 " 1-09x utw) —ge=30] Xww
T TH(G" 0+ Ts(F0T Xew-06) ) JuT=0a1 Ut
o
(', m3u=5M3eYs’ , PIJIPULIO] , -IIO] ‘ CURU=IT 1] ‘ 0Z Yusdo
T+PIA UTU-PIM XAW=PIAU
prosbuoT ut o9 ‘Zxr9b9ur ST USIITIM SaNTeA O
o
0°TT/(0 " 1=pas” xew)<buoT” xew
1+(5 "0+ ZT»BUOT xew) JuT=pan xew
T t09g+buoT xen-buoy Xewr (HuoT utw 3y -Huoy Xew) JT°
0°21/(0 1-pam upu)=buoy uyw
1+(5" p+ZTsBUOT UTw) JUT=pIA aTW
o

corrrg9g Yoo Bburssed Aq MOT3q YO TUYAGSOIN JO BUTSSOID ITPUPH O
o

o o (,pTO, =-sn3eys L]
on:laocu uow:v lv.w@oou q._z.:ulo:u oﬁnomo

_om& ZTiET E66T-AVW-S  OT/¥0d° 11 OdOLF LADISTII4 W FINULAVE" STHHO) : 00TENASNYNG |

(1g=317UN) 28010
( TOXJUOO= WO * {2 ) PRaT
(A{uopeal’, pa330WIo] , «10] / , PTO, =SNIVI8’ [Z=3I TUN ) uado

Booy v’ HROT TTW/ JeT Xew’ Je uTw‘cmvu] ‘ TWeu] /TOXIu00/ IS8T TeeRyu

OWRUJ ‘ TWeUJ DgsIvIoRINqD
_ (otep) ynqano’ (ozew ) snquy Lerwbojuy
Eiﬁ:ﬂ!uﬂnﬁlu&a«l«cgﬂ
BuoT xvw’ buoy uTW’JeY Xew’Ie] UTE TVaX
OpIAU‘pamu‘dITu‘u’ (‘T LeT0bOIUY
(9T=3n0p3I8) Iojawered

so1Aqu’/Inopys Tabalay

suou JyoTrdey

“Tlan g% IO

JUIE ATR SINTPVA IIPIOQ IRY] OF BATSNTIOUY 3I0 SITWT YL " JIIWIT a1 &N

03 70U K] USITIOS A} O JUIE aIe IS} IOUTS ‘sanfea LA-x ay} Jo urbyro gy
Jo Youxy deey o3 AL3fyyqrsuodsax srosn ay3 st 31 eI HUOT/3IeT pOuTIop

© TSN WO peswq 9TT) SSI0OV J0IATP ,POMOPUTA, © BT wexbord ayy Jo ndino aqr

o, mm 6SE(—0 WX STMNTOO

o?ﬁmaﬂ YIa Snma 4GS 68- IV ST Q9TTH PI0OAT puv - (spnaybuoy ,g5 6S€<-0

: : wox} Huyoh SWNTOO OZEY YITM) atod "N 9} I¥ T PIoosr YIta pebueire
ST 2113 L *6d1I38 9PNITIVT JO SPICORA (9TZ-CI»081 BIe arayl Aya

‘g,3eyL ~aTod s oy Jv anTvA ON Inq *eTod "N Y3 v (S@NTeA OTERSLTL09E)

- no?ﬁmcoa jo djI3s 1IN} a3 pey UOTINAIIISTP ¥VON TeutbiIo sy e 930N

notn: §'L1 = TOquNU/5334q T » TT= 301 081 » ('Bop/sordams .g) £1s-6uoT 09€
TUSYY ST ITTT Zal S53000-0TTP NI 'JO 9215 TVIUT L “ATMOTS
axow sa[oko YOTYM SPNITIRT UBATH ® 103 ST ATYJ I JO (PIOOAI) MOX YPOwe puw

o (etnToo ) K{yoynb ysow a1oho sordues HUOT STYL UOPNITICT POXYI ¥ IV SINTVA"

oosuﬁm:oﬁ Jo sdyxas YIta ‘burrdwes Teyieds HUOT/IRT .G I YIIVS A} SIIMOO

U SINTRA JO U PTIB FYL  UvIep TeUTHII0 Sy JO UOTINTOSBX W I BUTsOY IMoITA
yares uo s3ybIaYy Twnjov jo Sbuex Nyl STPURY TTIN STUL L9LTE+(~-BILLE- IO

C obuex e BUTAWY SNYY ‘XRfOYuT il UR B pagols (AraaTioadsax gy ‘Q¢) enyeA
:&8\532 yowa sey aYfjy jep 0do3d HuyaTNsar 3 jJo JWWIO} YL - J 'wp odo@
werford Yifa [Ty ejep AXeurq S§S3000-3I0BITP v OJUT poIsIobul ayan JIajew
3sareau ayy o3 syidep/saybray JO Sa{1J IIDSV axaydsyusy-S 9 N Yealbyro ayl
UVON woay eseqeiep Arjswkyjeq/Aydexbodol SOOI 9YY S98s30oR werbard eTqrL

TIES/ASON/ SO/ SON/NRON P 3BLTIQTTTITT "1°C T6-GT-T 0doIa 399"
A . . - odoge39b weiboxd

Il’ IIIIIIIIIIIIIIIIII BUBUB ISV ESIIN RIS NAESSIUBIERISEY SUBBUSSBE RIS UTILBEBEN
T ooaououoaauvuggmduogg
Isarajut H:o> st mcawmwooﬁm um!: J1I  "POACURI URq SWY 83&0 buyreos-3 M

*(pesn wyor 0006dH A3
© 703 95D IYI Jou sem STYF “OTIToade-XVA ATquqoad) s93Aq uay IayqIex
‘Sprombuol Ul ST 3ZTS pIOOAX Y3 ‘a1 Indul pejIwIOIUN Y)Y X0J OBV

‘el uwyy J93se) Hbutdrea apnaybuol yIya tamyoo
sTbuts ® U7 ST IndIN0 DY " SSIOUV IVUITP URYR IAIVX TIOSE €T IndIno wqy

‘pPAACERI B TTIA Jnduy SUTT-puvmno)  XVA Y3 U0 unx
0} potjrpow sem 3I -IDBTIQITITI wyor jo ﬂwumﬁum v SeM STYL

obRd ZZIET £661-AVH-S OZ/HQI 11 OdOLE LIA9[STTI4 W’ SNELAVY 'SIMHD) : 00 TENGSNING

QUQQ

e

ks
o
O
o

35




| _ puds pee=Huor Xww ‘Gof-bUoT UTE ‘$G=39T xow k.
GE=13r [ uTW’,0d0o3 URYIV u,=cureu}’,godo3a ‘dunp, - weu] [oIIVc0$ o

J0J 1Y 0odo3a 39b Buy3lIRIs X0J 3T} Toruco [eordhy v sy STUL

Y odoja 396 [L,0d039) T TqnpSAIp onu
bo1-,1d, 910x0] Suyjep
TX3I0°, 14, 1Z0IO} I
v "urexboxd 10311 odo3aTI2b a3 SUNI BTF} Puvemod STYL
T 9bel C1:¥1 €66T-AVW-9 ¥/ROO OJOLI 139 [STTIA W' SOVELAVY ' STHIO) : 00 TENGSNUNG

36




A.;un_no.oo:n sem puv 3RTdWOO 8§ uMI ¥ ‘113 0 HIVG penow sawsg , )dey

{INUFIUCO §

pedeospuey §

T waIv @y} JO $UOTIoes-X M- JoTd g

“HIvg "~ pamow 03 3TnEa Ardde g
“JTNSAT INOFUCO §

"19ATY 03 §

SUOTILOOT IBOUY IV UOCTIVASTD 338 §

‘TOART JO SN[PA A2 JAOQY SPUIIND §
Arjsafiivq aroys SUOTIVOOT PUTT §

© ot (005¥- ‘b @ ‘ubTs apnTouUT) IV §

330 Juncureas doyo 03 1eAlY a,q&cu 1Y
*ISAISIUY §

g0 wowo Teqel ATTenuva puv SIUTT §
INOUCO UO YOTTO 03 IEnow IFN §

1(,®,*,¢(u/h) anuy3uco, )andur-enuyucd

(€2 (gIm: ( TIWTHIVG pawom) 30T
fy=((g)u: (T)u’ (g)wm: (T )w)niva
(oT)esmwd 7 () ITnO3000

...x.u!.o&oso?.xi
(TnaT(q) puTJ=x

(., <TemaT adedspue(, )andui-Tamay

< Tenoww, Auvgﬁu

UTRIOP-qNE A3 INOUCO § Anvu....ouglau
| UTRwop-gng IRyl 0eNIXD § f((g)u: SE (z)w: (1)@ Hive
. .ﬂ.o.:.xi x«uuu& Qu JIIAUCO § leuvﬁﬁuaﬁ.cﬁ?&.:unllnvg
‘JUNCURIs Y} SIEBRduooud §
T YoTge Xoq @ 30 0o §
ybtax zaddn uanyy pue IBUICO §
3391 T@mOoT Y3 0o BuTYOTITO Aq §
ISAASIUY JO JUNOWRIS JOITI8 § ﬁﬂz.&n«ml-l a)
“WOIIOY YRIOO AM[IF 4 TIFUOD § : CHIVE ™ Pamom ) 103000
v ((,N,=_anuT3uco)e(,u, - anuyiuco)) STTUN
QOOH STYI JO pUe a3 v peewool sT Axanb syl
co e Ry ofign B anuTIweo 03 Axenb 31 pejvuymray st door QL
*HING=HIVE |
godoye Ayawq peo
oK, =omury
IZITTITUY pue pRoy
IMEaX 9y} aro3s ATjusuvarad O} JuTINGT STYY Hayuuny ISPV 1Ty O POAww
3q IST XTIIPW STYL "HING PAoWl UT petols st bu!:uﬂ 4«.&%? "y
"N(S¥-0¢) ‘M(Sy-08) woxj sy abuer oyl
“{dn 9ATISOd 2 ‘-3°T) SUOTIRASTD TIAIT-P96 ,LX,5 SUTRIUOD GOIOLT XHING
JPW"GO4019 XHIVE J1T3 Godols a3
UoI} SIUNCWRIS ,ITPY puRy, O3} POSN ST 2UYINCX STYL
1 9bed  6¥:GT £661-G33-SZ 1/ TIVOSANWI(STTIA W' ZONULAVYE STHID] : 00 TDIASNENG

37




.................................... N e o e P e e .-aﬁn \gvu‘”ﬂxrvUﬁﬁHUﬂﬂulnu‘Ew
{0 [=MOX XO

e e e e e e e aea s e e e e J T . . . e e R . - -AA§H8~. u%;hﬂ;%ﬂvdﬁgﬁﬁulﬂga.-uu
@ [=tMn{oo JO

f(x)ozTS={w U}

R . -x xrxivw Aryemdgyeq ay3 pue AvtAgixe’wq-
..................................................... e e e . _ SIUSTOTIJS00 IAITT] YHoaIaang syerrdordde ap are sinduy Iyl -eenrea
..................................... Fgﬂz JO XTIIOMW ¥ OO Oﬂﬂuﬁq“ TPUOTSTRNTP ‘OA} BI0p UOTIOUNT STQL™

£ (x*Ae’ Aq’xe xq) LINI[T=X UOTIOMY
(x'ke’Aq’'xe/xq)gIN[13=X UoTIOUN]

1 Ooum TZ:ST €66T-AVH-G  9‘W’ Nédmh—wﬂ:m W SONULAVY ' STHHD] : 00 TENSNUNG |

38




............................... e g () DY TOPURE () oupdgD
(¢ 7()o)aapug=(:()aurrado

e (G C )R (gl ) SIOUNA g T0uyA ) Tdedsa( T ()0

u:t=[ x03

i 11 L3990d &L,NOd

...................................... BUITEVaTDep-uou" B 8vuanbes  J0UY 05 SpMITIVT-00 0F YISAUOD"

.......................... e T DR O SOUTTAS VTS

“TIFTPsT 33TP) # (W™ T =

f(y-m:)e—(w':)ea]]y

LUFFTP FITPeL) - (LT’ 10w (1’ :)v)a3g®
£y’ )e~(g’  Ju=3gy

foOuET)eE”: e

ahugﬁcn ay) 03 9uop sem se ‘pojuswbne Uyl ST , ,PTITJ__ IUSTOT)Jeco
: Yl SIUSTOTIF00-JUTTAS-E YI-U Y} [TV SUTYIVOD AOT YI-U I
Iy o8 ouoan:-_uu PUR 3j-AOI YOI JO FIUSTIOTIJ00 A PRNXD

£0C Y IgIRG Y (T4 £ ) SR0uX e 30urX) Tdeds=( Y)e -
w: [~} 10

~euytds ap 32!0 33 j 031 AOX Yowe 10}

7p40=0 ! {IYOTIPPR IRq IFITPPV] S

_u:v-n 33101 + [(U:hpwq ‘(u’: Jyyeq) =3yby
“(1-u’:igeg-(a’s eIy

‘13370 337P8L] - L(T': .53 (1 : peq) =339t
0T ReG- LIRS T T T

: KW XeeT
:..m T :.8:::.:. x :L? TJL.S::SE
tr=te- = Tl eeTpe(w)X K 1T Tl s yeTe+ (1) X) se3ouy,

Tr(reee o?u&!uo?u (T-7D) 5 IPTP-IVT
f3eTp=uOTP (g/1)=307
T r(qaeqiozyss{u’u]

o rgoyIeroderie Teauyl AQ punoy axw
nunqom vegom Y3 e saniea hnuu...aﬁan puypuodsarrod /(3el pue woy) £ puw
TR FOU P YOue 0 poppwd axe s3uTod OML  TISEIRIUY JU UTWWOpP Wl JO abpe
uﬁ e co.wuu.n:vn: 8:! Ou Eiu oq T1TA U puv W Sy} :ALON
JO SO 4T . Anuoaxﬁg
wa - (s300¥h)yabuay

wocﬁ_dw S JO SATIVATIOP PUNOODS puR ISAT] Sy auw ul«.aao pue n!Tao

BN "W yiqde 03 HUTPIOOOR ¢ T - ‘SINTEA ¢ 50U’ TIPXO
943 SupyIUCO 3IY ‘63 (A)y @ auyrds .y jo ao«u-ugnﬂaou qeyive @ 8§ O
*(17o'ayy 39603 'S, T e W 9yl 03 I7J S7 Surrds-g v ‘(ur{) T yow o4
;: ° a3 396 03 (apn3tiel JO SAUTT) SMOX Huole punol axv saITds-g
CUoTyyeq sTqeTIvA uy Ul Aryaudgieq 3 O3 s2aTTds 83T SUTINOT STYI

e ompaf z080 poans - (K1(7g (Yo _=(K)TTe
Ocu.auln YT Y3 JO JUITOTIFE00 a3 ST T ® azaya
o' T«7 wory powmms  (x)T 8§ (XA)7 v <(X'xhpeq
‘Naarx

S(T*T)YEeq JO TOT pUR W AR L wOT e
SI938W UT UOTIRAS[S YIICD GOJOLE poaeinqes bopg xbeps” ap -~ wneq

R Auca o1 'yyeq) zsaut Tds anduns. { syoux “awtxdzo‘sutrdy ‘o] woTIouny
Auoﬁ wy 5355&3& Uuzgol_auonxx !u&«o awrxdo’ o_ uoTOUNy

rum ZZ:GT €66T-AVN-S [N £SANI'IAS SLNAWOO[STTId N SWRLAVY SIHID) : 00TENISNUNG

39




a3 woxy uk

SR e SATIRATIOP-SROIO FIUNTOAD §
"UX 3@ BINITIPAIND-X JUNTeAD §
e e Y SGOTE-X DCNTRAD |

e - ~UX I0 BINITIPAINO-L aJenierd § .
uaaoo .uOu nmu?

‘ux je adoTs-A ajentead §

‘9pN3TIRY JURISUOO JO LT §
‘BuoTe"

E: 2%&3?275!.&?
(uke (s A-ﬂnﬁunuzdaaunaﬁguﬂe o

*@pNITINY-00 nocﬁo&a )

BT - “RXY R wx Y KXY Y] =ypexh swam3er
Sn 0L~ ‘3" ') 35I93UT Jo WOTIFOOT O JO T UV WOT 3 arw uk‘x
e wsauTTds 93Indwoo  HUTST PAIRTIOTRO “are sIuIMnfire INOj I8XATY

" (uk‘ux’ syouyx ‘aurradgo  sar1do’ o) sauT Tds T y83-ypeah woTIomny

?S U SIOUNX gumuo o..:umo ovnva:&a uudvlnvnhu uoFIomn
1 Omﬂm 6¥:ST €661-G34-S ¥/W SANITAS LSAL[STIIA W SVULAVYE "SINHO] : 00 TENGSNENG

Tux Je qidap aJeneAd §
e dap ApRpY/P TOF SUTTES TOP§ -
© 7 yadep Ap/p 1oy auyTds @ op ¥

Cc.ﬂ T U T X9AD WS Y

dep wyy Jo aurids S oyem §

¢ (owrpxdye * e300 x ) Yowdw<Apd
ot (owprde gyouyx Y yewds<Appp)

e g (gt nuaqnﬁxalnu

A.SA ‘¥)o)Teauz-~(T)e
BB L) e ¢

* p= (sr0uxx) qybuaT<

_uorerodrajuy suyTds p-¥




17d/08 T ({ TROTIV/ WU T JUed w) sy
2n\: : m!.oxﬁiii 33: «15:¢n 15:: :\s..l
_

L S et Ll

u:nu:o aq ITIA IVYI 98Oyl aae u uon STY3 O3 puodearood
U ey U pae Y eyl T iurod s0TI00eIenu eql aq TN YOTYR ' SOumIe I TP
. IS9TIWE oY) PUT] PUR RI0IDGM O} A3 JO SOUBIIITP I} YWY OR AON

£ (BIe)YURy " ANNNDs " (UOO — Yo PUOO=TT]
e © ‘T 207 uyebe 30UO PIATOE UOTIRTSX UOTSISISYD WY JO
‘ ﬁ&vcoooauﬁ q..: vo.uugoon:«:ug:oﬁuzuo!.oosﬁﬂn«é

SRR : S/ (e S e 6w ) ) ST
"1 303 poaTos .z T + £ X = T_(yabueTeavi/1dz), vorienbe
.............. ay ATAUTS ST 3T gxsguguaugugudsgé

e ey (e TN (00067 (AT IN-YS TN ) T uﬂdwu.ﬁl
TietT

41

Aoy pue ‘AAy “ory YAy ‘ay ‘y BuruIRIuoo XTIW R ST YWTYA

................. QPRI puv fu pav Y ‘3 *3p-eIeq BUTUTRIN00 XTI T BT YOTYN ‘sered-

fu{ Uy PaIajue YIbuaTsaRa S ST YOTUYA ‘WVT ‘Aouenbax] oyl €1 YOTUA

,,,,,, e A uﬂon BUT1IPIE JUT PUR UOT ‘S BT YN K pue X are synday

YL MMG ¥ aar3Tsod ay3 woxj ®

....... JUITOTIFo00 Hutdderi worjoq Sy BT WU ATIYA VISYF Y eRT TeUTIT TRUTIX
axe sandino Yyl -pecealier aq o3 MuL ¢ jJo Aouvenbex)

“pue YIBUSTIARM GIAYH ¥ I0) T pue Y HUTIIVIE v A h

(qpex6 sured *Re7 * #6ewO” £ /X) TeAIFUTS [ v¥oU3 ‘We T TPuT T * TPUTIY] uoyIoung -
 (ypeab’gured jeT eboun’ K’ X) TeAIFUT= _32... w7’ TRITIT TRUTIY) UOTIOMN

%
;
{f
:
i
E




AL ANSL LMY A2 L2 AR PR RES L 0
{ypeibaiaqy
(Yoo (T)00T / wIoux Y swTadyo  swtado’ o) seuy 1de T893 ~ Axbpeypeal
_ /(B uvx?uvxﬁ.u?? ‘do3s)n=-
o 1 106 VB AqpapT (9 ) By Xypmps (€ Fypexbsypmp
.~ G,E.&SA :E.xﬁs?a:%ﬂ?g?e_ .Eulvlucxn

LT W meme (2) N0 T) sY3 )+ (B/(2 ) Bqur_usyd-)
4 (CnRma e (TN U3 ) 4 (67¢E 16qe T uind) ] oo™ 6

£0g )N/ CU) X yqpmpRypip ¢ 57 (W (2) XL a) =

23}« uv:.« wey) - E\:e.ﬂiﬁ?i-?n:u

(gl ) /1m0 (M TBY /Bund ! f(WOT MM T)/ (Tt (T)Y) =

£(T_3I-T)aUsuT+3=16 3sam=b (ysuwep)yuwi=3 /(Y)ypwib=-
................................................................................ «A{ﬂ.ﬂw.&&.ﬂ Aﬂv&&.ﬂ Advgvgdqg
{ypeibyiaqy

e g (YOO LT OT S0UYX* SurT dyD *swTado oY sut rde TI80s ~ AXBpaype

UoT30a1I00 Teprozadexy

£3PAPeIP+(: ‘dO38 ) =

e e e (e eB Y o BPRR) ¥ C ¢ A998 Y 2OTE00
mﬂan u._:u uvd..v

OIHGSOO

=MbY/ SI.LSE-SILSE..N ua

feueTab ! (yyuel)yuer=3 {1 )ypexb=

v /(T hre (2Ya+E_ (1Y) 1absu=ue

‘ypeabyiaqy

v e (YOO “{ TY00 T s30uYX st adyo ¢ swrado o ysea T Tds 1597 & ~ AxbpLype

_ 'g/(67IpAP+IPAP) » 3D+ (¢ ‘da8) )=

e (e BTBOWE0) 43D Y e - BPRX) ¥ + *48IB) HOT<00

.............................................. L T T —
* 7' {9)BqeAupap+ () 5qs XUPAP+ (Z ) YPRI54YPAD) s WD =63

LT W Rema (2) M2 ) 543 ) 4+ (6/(2) Bqnz_uwyd-)
Q?-:.u #CDW/R) YT )46/ (¢ YBQug_uayd) ] vummas |

.................. £ ¢TI/ T s wqpmp-—<Aupep /67 (udi (2) X 0) =
(T6/(_3-T)sg WRT) — (U/ypups (we-udsAeZ) )=

(UFF )/ T F (MSTBT/Baud ¢ (W TamaMaT)/ (Usta (TIY)==
E_1-T)atsuRT43=16 {34uRT=b ? (Yaury)yued=3 ! (T)ypesb=

/e (2ha+e (1) 3)3absyusar

fypebs3eqy

cee et (g Yoot ¢ T)oo T sI0uyX *aurt1dzo ‘awrado oy saut 1ds 3597 “ AXBpLypex

uﬂabu....mi v?1-dags)y-
:oo.uv..ﬁ. mvaci ! 1-3938) 001=007]
. Hﬁuum&ouA

¢ [ (g) A pap+ (9 ) Bqaypaps (¢ JUpeIbaypap
.......... S e ) B APAPE Ul ) B XPADS (2 ) PR B UpAD] s D=5 IPAD

22.3(?::«:-8..5:8\893& Casyd-)
T (mamel 4+ S.x\:v.ﬁfno\.ﬂx.n :-i:-s_nfmo

{4 ouu._ €201 £66T-AVK-£T Z/W AOVHIMYLISHIIA W’ FOVHLAVY  STHHD) : 00 TANASNANG

S 2«.03 A:ooa ' S30WYX !ummo.!hnqn:gzan 2 T

gy [ () AXBR TV AXED D b&ub&ud

....................... 19QoTP 0] Pasu Sy} OSTV - PovIam
.......................... SpnYouT 03 Wexboxd Hoxy~desT TPUFHTIO SPTOTA YT WOIF POTITOOH

SI\:I.éLi.G;_}i.ar.n.:.
23\3 I-1)s7_woy) -~ E\ﬁ!?.l?ittn: AP

..... : zﬁtm:\?g ¢ (Ms TBY/6=0d 1 (WRTeRns ) /{Usus (T )Y )=a
1T-((nuB) /(eI N (2)q—(T) s (€)DQ) uT_U)yp
TOE_I-T) o e +3=10 13475 ¢ (Yo Iquessy 717 )ypeas

£/ (T)aeT_(2)04T &I.ﬂon..r.l_

#(z_(r)ypwabsy_(z)qpeabyixbesadorec
o&o? WO330q MUS §

‘ ‘ xuluoanvm.ou- oTF

10=4pup ‘{=u
e o TIR0 T TINAIS WIOFTON DET AOU X0J

00 D0 !%=N !Quwde
. e EWIREW 55 20T X IWeT
m»nu.un sﬁuaai!ooqvcnnuouﬁﬁos«a:uaﬂ«

b&?@? ‘1€430° TTT/QY €+9E9T  98/Qu)=AxE
TOTeORY/ 35394

T SJFOIIND BPNYITIVT WMNTUTE PUV wnaTxew abisee

/99 —=UOTXW
© 83 JOFIN0 SPNITHUDT WNETUTE PUv WnWITXve ubISse

ﬂ +
oot mwotl un:mm—wac:mn oongqu w3ep 320_ vao_
- swred "peoy]

- IFRINDOR BT ITF
Sﬂam Y3 SIPYM VAT 33 JO IPTSINO 0500 woxj sowry Y3 jueaaxd o3 pesn
T are esey) “eaIe SuTIds Y3 JO SUTIVPUNOG Sy} IPTYUT aexbop wuo Inoge
9q pPIMOYys ‘UOT puR ‘I urWITUTW pU® AN YL “POACERI ST SOTQURTIRA
‘deaT 9y 0} JURTRNUT TOXTP
HUTIITTAS-ITY N[} JNVUTH]T® 03 ITNPTI qog Aq pesebing woOTIONIIO ©

Aguqnﬁmi‘ooﬁuong [T SA0TSE Y X 30T XIFHOM * 5] uoTIommy”
Axsnuam vums. ooiooﬁu?uf_g ugmd.n 99 NOTHOM ‘20] ‘wot3oung

1 om& £2:0T €66T-AVH-E€T  T/W’ FOVUIMEL[SFTIA W SIVNULAVYE ' STHID] : 00 TDKISNUNG |

42




90 (VLY qn.uﬂuouucec a0

! xeedays=das
............................................................................................................... - voxem ¢ {T%0T 1

! [yoSyw! XomHOM ] = DRI
.................................................................................................. #1tg; (g)Borg (1)60)33be 790} <00
=_doas 3

T J‘u:?-a.\na«:canomnlaﬁulﬂvunr« 5| IR
3R Twb ! (el )qUTI~I 1) ypeab

€ 9bed €T:0T €66T-AVW-CT u£ uuﬁiﬁ_mﬂﬁ W SONELAVY ' STHHO) ¢ 83!.2:8




SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1a. REPORT 32CURITY CLASSIFICATION

‘b RESTRICTIVE MARKINGS

Bl assd £ied
T3, SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBU1ION/ AVAILABILITY OF REPORT
Distribution {or Public Release;

.2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

Distribution is unlimiced

4. PERFORMING ORGANIZATION REPORT NUMBER(S) C§6
. fPniversity of Rhode Island Tech Report 93-1

Graduate School of Ozeanozraphy

S. MONITORING ORGANIZATION REPORT NUMBER(S)

6b. OFFICE SYMBOL
(if applicabie)

6a. NAME OF PERFORMING JRGANIZATION
Univ. of Rhode Island

Grad. School of Oceanography

7a. NAME OF MONITORING ORGANIZATION

%DRESS (Gity, State, and ZIP Code)
out Ferry Road

Narragansett, RI 02882

7b. ADORESS (City, State, and ZIP Code)

8b. OFFICE SYMBOL
(If applicable)

8a. NAME OF FUNDING / SPONSORING
fo?E@A%?Aﬁ9§a1 Research

t+ian

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8¢ ADORESS (City, State, and ZiP Code)

800 N. Quincy St., Arlington, VA 22217
{800 G. St., N.W., Washington DC 20550

10. SOURCE OF FUNDING NUMBERS

PROGRA® PROJECT TASK WORK UNIT

ELEMEN" O. NO. NO.

ACCESSION NO.

1). TITLE (Include Securrty Classufication)
Ray Tracing on Topographic Rossby Waves.

12. PERSONAL AUTHOR(S)

16. SUPPLEMENTARY NOTATION

Christopher Meinen rik Fi s D, Randolph Watts
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPQRT (Year, Month, Day)
| Summary FROM 7O _____ May, 1993

15. PAGE_COUNT
47

17. COSATI CODES
FIELD - GROUP SUB-GROUP

18. SUBJECT TERMS (Continue on reverse if necessary and :dentify by block number)
Topographic Rossby Waves, SYNOP, and Mid Atlantic Bight

the observed stratification.
wavenumber limits are discussed.

atteras.

19. ABSTRACT (Continue on reverse if necessary and identify by biock number)

Topographic Rossby Waves (TRWs) have been identified with the largest variability

in deep current meter records along the continental slope in the Mid-Atlantic Bight (MAB).
Ray tracing theory is applied to TRWs using the real bottom topography of the MAB and

The depression relation for TRWs is derived and various

A computational method for tracing the waves is presented
including the necessity of smoothing the bathymetry.
periods of 24-48 days generally propagate southwestward,
400 to 100 kilometers in responce to the change in bottom slope.
Jthat connect from the SYNOP Central Array near 68°W to the SYNOP Inlet Array near Cape

In the examples shown, TRWs with
changing their wavelengths from
TRW paths are shown

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT
W UNCLASSIFIED/UNLIMITED ] SAME AS aPT

T or'c USERS

21. ABSTRACT SeCURITY CLASSIFICATION

22a. NAME OF 3ESPONSIBLE NOIVIODUAL

22b. TELEPHONE (Include Area Code) | 22¢. DFFICZ SYMBOL

00 FORM 1473, 8a MaR

33 APR 2qition may oe used untl exnausted.
All other editions are onsolete.

SECURITY CLASSIFICATION OF “HIS 2aGe




